T WEAK was first described by Chicheportiche et al 1 in 1997 as a new member of the tumor necrosis factor (TNF) superfamily of structurally related cytokines. 2, 3 The human TWEAK gene is expressed in many different cell types and encodes an Ϸ30-kDa type II transmembrane protein that can be cleaved to generate an Ϸ18-kDa soluble factor with biologic activity. 1, 4 TWEAK has been shown to promote various cellular responses in vitro, including cell proliferation, [5] [6] [7] migration, 6 survival, 8 apoptosis, 1,4,9 -13 and necrosis. 10 TWEAK was recently identified as a ligand for Fn14, 14 a growth factor-inducible type I transmembrane protein initially discovered by our group several years ago. 15, 16 Fn14 is the smallest reported member of the TNF receptor (TNFR) superfamily, with a single cysteine-rich domain in its 53-amino acid extracellular region and a short 28-amino acid cytoplasmic tail. 14 -16 Several previous studies have indicated that TWEAK and its receptor Fn14 may play a role in vascular endothelial cell (EC) biology. Lynch et al 5 reported in 1999 that TWEAK was a mitogenic factor for human ECs and could stimulate angiogenesis in the rat cornea. In 2001, Wiley et al 14 reported that TWEAK-Fn14 interactions were important for phorbol myristate acetate-and epidermal growth factor-stimulated EC migration in vitro as well as fibroblast growth factor-2 (FGF-2)-mediated angiogenesis in the mouse cornea. Jakubowski et al 8 reported in 2002 that TWEAK was a survival factor but neither a mitogen nor a chemotactic factor for ECs. They also reported that TWEAK cotreatment potentiated FGF-2 activity but inhibited vascular endothelial growth factor-A (VEGF-A) activity in an in vitro angiogenesis assay. Finally, Harada et al 6 recently reported that TWEAK could stimulate EC proliferation and migration and that these effects could be inhibited by an anti-Fn14 monoclonal antibody.
In this article, we report our findings regarding Fn14 gene regulation, TWEAK biologic activity, and TWEAK signal transduction in human ECs cultured in vitro. Our results indicate that TWEAK is an EC growth and migration factor that can also potentiate FGF-2 and VEGF-A mitogenic activity.
Proliferation Assays
Cells were seeded at a density of either 5.3ϫ10 2 [HMECs] ) in EC growth medium and allowed to attach overnight. The next day, the medium was aspirated and replaced with endothelial proliferation medium (EPM) composed of endothelial cell basal medium (EBM)-2, 5% FBS, and 1ϫ ascorbic acid (BioWhittaker) for 24 hours. On days 0 and 2, the cells were either left untreated in EPM or treated with EPM containing 1 or more of the following: 10, 50, 100, or 150 ng/mL TWEAK; 30 ng/mL VEGF-A; 10 ng/mL FGF-2; 2.5 g/mL mouse Fn14-Fc soluble receptor (see below); or 2.5 g/mL mouse IgG1 (BD PharMingen). TWEAK was used at 50 ng/mL in both the growth factor and the Fn14-Fc coaddition experiments. On day 3, the medium was aspirated, and the cells were rinsed briefly with PBS containing 1 mmol/L CaCl 2 and 1 mmol/L MgCl 2 , blotted dry, and then stored at Ϫ80°C until cell number was determined with a commercially available kit (CyQUANT cell proliferation assay kit; Molecular Probes).
Construction of the Fn14-Fc Expression Plasmid, Isolation of Stably Transfected 293T Cell Lines, and Purification and Characterization of the Fn14-Fc Soluble Receptor
Please see the expanded Methods section (available online at http://www.ahajournals.org).
Western Blot Analysis
Migration Assays
HUVEC migration assays were performed with the use of modified Boyden chambers as described previously. 17 In brief, the cells were cultured in serum-free M199 medium (CellGro) supplemented with 0.5% BSA (Roche) for 3 hours, harvested, and then plated on polycarbonate filters precoated with 25 g/mL fibronectin (Invitrogen). The upper compartments contained serum-free medium while the lower compartments contained serum-free medium alone or serum-free medium supplemented with 10 ng/mL FGF-2, 30 ng/mL VEGF-A, or 50 ng/mL TWEAK, added either alone or in combination with one another. The cells were allowed to migrate for 3 hours at 37°C, and then the stationary cells on the upper side of each filter were removed with a cotton swab. Cells that had migrated to the lower side of each filter were stained with 0.1% crystal violet, eluted with 10% acetic acid into 96-well plates, and quantified by measuring light absorbance at 575 nm with a 96-well plate reader.
Apoptosis Assays
HUVECs were seeded at a density of 2.7 to 5.4ϫ10 3 cells/cm 2 in EC growth medium and allowed to attach for at least 12 hours. The medium was aspirated, and then the cells were briefly rinsed with EBM-2 medium containing 0.1% BSA. Cells were then incubated in EBM-2/BSA alone or EBM-2/BSA supplemented with 1 or more of the following: 100 ng/mL TWEAK, 30 ng/mL VEGF-A, or 10 ng/mL FGF-2. After 24 hours of incubation, the detached, floating cells were collected and combined with the adherent cells recovered by trypsin treatment. The cells were pelleted, briefly washed with PBS, pelleted again, and then resuspended in PBS containing 25 g/mL propidium iodide (Sigma), 0.3% saponin (Sigma), 5 mmol/L EDTA, and 50 g/mL DNase-free RNase (Sigma). Apoptosis was quantified by calculating the percentage of hypodiploid cells as measured by flow cytometry analysis.
Statistical Analysis
Results

FGF-2 and VEGF-A Induce Fn14 mRNA Expression in HUVECs
We performed Northern blot hybridization analysis and found that subconfluent proliferating HUVECs and HMECs expressed Fn14 mRNA ( Figure 1A ). Furthermore, FGF-2 or VEGF-A stimulation of serum/growth factor-starved HUVECs transiently increased Fn14 mRNA levels, with maximal expression (4.2-and 4.4-fold induction, respectively) detected after 2 hours of growth factor treatment ( Figure 1B, 1C ). FGF-2 or VEGF-A treatment also increased Fn14 mRNA expression in HMECs (data not shown).
TWEAK Stimulates EC Proliferation and Potentiates FGF-2 and VEGF-A Mitogenic Activity
We found that TWEAK increased HUVEC proliferation in a dose-dependent manner: at the highest TWEAK concentration used, 150 ng/mL, there was a 3.2-fold increase in cell number compared with the no-addition control (Figure 2A ). Because FGF-2 or VEGF-A treatment of HUVECs can upregulate Fn14 gene expression, we also investigated whether TWEAK cotreatment could potentiate FGF-2-or VEGF-A-stimulated EC proliferation. At the concentrations used, TWEAK, FGF-2, or VEGF-A added individually stimulated HUVEC growth by 1.9-, 4.1-, and 1.4-fold, respectively ( Figure 2B ). The combination of TWEAK and FGF-2 had an additive effect, increasing HUVEC growth by 5.9-fold. The combination of TWEAK and VEGF-A increased HUVEC growth 2.6-fold, Ϸ20% less than that predicted for an additive proliferative effect. We also treated HUVECs with both FGF-2 and VEGF-A; in this case, HUVEC growth increased 4.6-fold, but this proliferative response was not significantly different from the response noted with FGF-2 addition alone (Pϭ0.5). TWEAK also had a modest but nevertheless dosedependent and reproducible stimulatory effect on HMEC growth: at 150 ng/mL, TWEAK increased HMEC number by 2.0-fold compared with the no-addition control ( Figure 2C ). The ability of TWEAK to enhance FGF-2-or VEGF-Astimulated HMEC growth was also investigated. TWEAK, FGF-2, or VEGF-A added individually stimulated HMEC growth by 2.2-, 8.7-, and 6.9-fold, respectively ( Figure 2D ). The combination of TWEAK and FGF-2 increased HMEC growth by 14.0-fold, whereas the combination of TWEAK and VEGF-A increased growth by 11.6-fold. These 2 growth factor combinations stimulated a greater response than the sum of the effects observed with each growth factor added alone; thus, TWEAK can act in concert with either FGF-2 or VEGF-A to stimulate a synergistic growth response in microvascular ECs. FGF-2 and VEGF-A cotreatment increased HMEC growth to the greatest extent, 14.8-fold, a stronger response than that observed when each growth factor was added alone but less than that predicted for an additive or synergistic proliferative effect.
An Fn14-Fc Soluble Receptor Can Inhibit TWEAK-Stimulated HUVEC Proliferation
Human ECs express the Fn14 gene (shown above), and Fn14 is capable of initiating a proliferative signal in these cells. 6, 14 These findings indicate that TWEAK-stimulated EC proliferation is likely mediated through binding to Fn14 cellsurface receptors. Therefore, we generated an Fn14-Fc fusion protein, in which the extracellular, ligand-binding domain of Fn14 was fused to the Fc portion and hinge region of the IgGl heavy chain, and tested whether it could neutralize TWEAK mitogenic activity on HUVECs. First, Fn14-Fc protein was purified from the conditioned medium of stably transfected human 293T cells and then analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) under reducing and nonreducing conditions; as expected, Fn14-Fc was present in the conditioned medium as an Ϸ80-kDa disulfide-linked dimer that could be converted to monomeric form by using a reducing agent ( Figure 3A) . Second, we determined whether TWEAK could bind to the Fn14-Fc fusion protein by using an ELISA. In brief, an ELISA plate was coated with either purified Fn14-Fc protein or, as a control for nonspecific binding, purified osteoprotegrin (OPG)-Fc protein (OPG is a natural decoy receptor for the TNF superfamily members RANKL and TRAIL 18 ), and then serial dilutions of FLAG epitopetagged TWEAK were applied to the wells. This assay demonstrated that TWEAK could specifically bind to the Fn14-Fc protein with an affinity constant (K d ) of Ϸ1.1 Figure 2 . Effect of TWEAK, FGF-2, and VEGF-A on human EC proliferation. A, HUVECs were seeded at low density, placed into growth factor-reduced medium for 1 day, and then either left unstimulated or stimulated with the indicated concentrations of TWEAK for 3 days. B, HUVECs were treated as above and then either left unstimulated (NA; no addition) or stimulated with 50 ng/mL TWEAK (T), 10 ng/mL FGF-2 (F), or 30 ng/mL VEGF-A (V) alone or in combinations for 3 days. C, HMECs were treated as above and then either left unstimulated or stimulated with the indicated concentrations of TWEAK for 3 days. D, HMECs were treated as above and then either left unstimulated (NA; no addition) or stimulated with 50 ng/mL TWEAK (T), 10 ng/mL FGF-2 (F), or 30 ng/mL VEGF-A (V) alone or in combinations for 3 days. In all panels, cell numbers are expressed as meanϮSD of triplicate wells from 1 representative experiment of 2 independent experiments. *PϽ0.05 and #PϽ0.001 compared with untreated control. nmol/L ( Figure 3B ). Third, we tested whether the Fn14-Fc protein could inhibit TWEAK activity in an EC proliferation assay. HUVECs were incubated in basal medium containing 5% serum alone or 5% serum supplemented with either TWEAK, TWEAK plus a 25-fold molar excess of Fn14-Fc, TWEAK plus control IgG, Fn14-Fc alone, or control IgG alone. After 3 days of incubation, the cells were collected and cell number was determined. TWEAK increased HUVEC growth by 1.6-fold under these experimental conditions, and this effect was significantly inhibited when the cytokine was first preincubated with the Fn14-Fc soluble receptor before its addition to the culture medium (Pϭ0.015; TWEAK vs TWEAK/Fn14-Fc; Figure 3C ). This same concentration of Fn14-Fc protein had no significant affect on FGF-2-or VEGF-A-stimulated HUVEC proliferation (Pϭ0.50, FGF-2 vs FGF-2/Fn14-Fc; Pϭ0.26, VEGF-A vs VEGF-A/Fn14-Fc; Figure 3D ).
TWEAK Treatment of HUVECs Stimulates IB␣, ERK, and JNK Phosphorylation
The Fn14 cytoplasmic tail can bind 4 members of the TNFR-associated factor (TRAF) family of adaptor proteins. 14, 19 TNFR superfamily members that associate with TRAF proteins generally function through activation of the nuclear factor (NF)-B, extracellular signal-regulated kinase (ERK), c-Jun NH 2 -terminal kinase (JNK), and/or the p38 mitogen-activated protein kinase (MAPK) signal transduction pathways. 20 We examined TWEAK signaling in HUVECs by performing Western blot analyses with lysates from TWEAK-treated cells and antibodies that specifically recognize phosphorylated forms of various signaling proteins. We found that TWEAK treatment of serum-starved HUVECs stimulated a rapid and transient increase in the level of phosphorylated IB␣ (an indicator of NF-B pathway activation 21 ), phosphorylated ERK1/2 (p44/p42), and phosphorylated JNK1/2 (p54/p46; Figure 4A ). TWEAK-stimulated phosphorylation of p38 MAPK was not detected under these experimental conditions (data not shown).
FGF-2 and VEGF-A each bind to specific receptor tyrosine kinases and activate several intracellular signaling pathways, 22, 23 but ERK function appears to be particularly important for their mitogenic activity on HUVECs. 24 -26 Because TWEAK can potentiate FGF-2-and VEGF-A-stimulated HUVEC proliferation (shown above), we investigated whether it had an effect on the pattern of FGF-2-or VEGF-A-mediated ERK phosphorylation in these cells. TWEAK, FGF-2, or VEGF-A treatment increased ERK1/2 phosphorylation to differing degrees, with TWEAK showing the weakest stimulatory activity ( Figure 4B ). TWEAK/FGF-2 or TWEAK/VEGF-A cotreatment also increased ERK1/2 phosphorylation, but the phosphorylation level and the kinetics of phosphorylation were not significantly different from those observed when either FGF-2 or VEGF-A was added alone to these cells.
TWEAK Is A HUVEC Chemotactic Factor but Not a Survival Factor
We next determined whether TWEAK could promote HUVEC migration by using modified Boyden chambers. TWEAK had a dose-dependent stimulatory effect on migration; at the highest dose tested, 150 ng/mL, there was a 2.4-fold increase in HUVEC migration ( Figure 5A ). Migration assays were also performed with FGF-2 and VEGF-A, added either alone or in combination with TWEAK or one Figure 4 . Effect of TWEAK addition on IB␣, ERK, and JNK phosphorylation. A, Serum-starved HUVECs were either left untreated (0Ј) or treated with 100 ng/mL TWEAK for the indicated periods of time. The cells were harvested, and equivalent amounts of protein were subjected to SDS-PAGE and Western blot analysis with antibodies that detect phospho-IB␣, total IB␣, phospho-ERK1/2, total ERK1/2, phospho-JNK1/2, or total JNK1/2. B, Serum-starved HUVECs were either left untreated (0Ј) or treated with 100 ng/mL TWEAK (T), 10 ng/mL FGF-2 (F), or 30 ng/mL VEGF-A (V) alone or in combination for the indicated periods of time. Western blot analysis was conducted with antibodies that detect phospho-ERK1/2 or total ERK1/2. another. At the concentrations used, TWEAK, FGF-2, or VEGF-A added individually stimulated HUVEC migration by 1.9-, 2.5-, and 2.2-fold, respectively ( Figure 5B ). FGF-2/ TWEAK or VEGF-A/TWEAK cotreatment did not have either an additive or a synergistic effect on HUVEC migration (Pϭ0.27 and 0.79, respectively), nor did the FGF-2/ VEGF-A combination have a significantly greater effect than FGF-2 treatment alone (Pϭ0.60).
Human ECs cultured in medium devoid of serum and growth factors will rapidly undergo apoptosis, and this process can be inhibited by adding EC survival factors, such as FGF-2 or VEGF-A, to the starvation medium. 27 To determine whether TWEAK had antiapoptotic activity, we incubated HUVECs in serum/growth factor-free medium in the absence or presence of TWEAK for 24 hours. HUVECs were also treated with FGF-2 or VEGF-A alone as well as with each of these factors in combination with TWEAK or one another. At the end of the incubation period, both the detached and adherent cells were harvested, permeabilized, and stained with propidium iodide. The percentage of cells in the sub-G1 population was calculated by flow cytometry. We found that FGF-2 or VEGF-A addition, but not TWEAK addition, could significantly increase HUVEC survival under these experimental conditions ( Figure 6A ). Dose-response experiments with a range of TWEAK concentrations (10 to 200 ng/mL) confirmed that this cytokine had no significant antiapoptotic activity in this assay (data not shown). When TWEAK was added in combination with either FGF-2 or VEGF-A, it doubled the percentage of apoptotic cells, but this effect was not statistically significant (Pϭ0.068, FGF-2 vs FGF-2/TWEAK; Pϭ0.150, VEGF-A vs VEGF-A/TWEAK). FGF-2 and VEGF-A cotreatment inhibited HUVEC apoptosis to the greatest extent (87% inhibition), and this effect was significantly greater than that observed when either factor was added alone (Pϭ0.0038, FGF-2 vs FGF-2/VEGF-A; Pϭ0.0030, VEGF-A vs FGF-2/VEGF-A).
Previous studies have demonstrated that FGF-2 and VEGF-A promote EC survival, at least in part, by activation of the phosphatidylinositol 3-kinase/Akt signaling pathway. 27, 28 Several candidate molecules that may act as downstream effectors of this pathway have been identified, including the antiapoptotic protein survivin. 27, 29, 30 FGF-2 and VEGF-A have been shown to induce survivin expression when added to ECs cultured in serum/growth factor-deficient medium. 30 -32 We predicted that because TWEAK was not an antiapoptotic factor, it would not upregulate survivin levels. To test this, HUVECs were incubated in basal medium containing 0.1% FBS and then either left untreated or treated for 18 hours with TWEAK, FGF-2, or VEGF-A. Cell lysates were prepared, and Western blot analysis was performed to assay survivin expression levels. We found that FGF-2 or VEGF-A treatment, but not TWEAK treatment, induced survivin expression in HUVECs ( Figure 6B ).
Discussion
TWEAK is a TNF superfamily member reported to stimulate neovascularization in the rat cornea angiogenesis assay. 5 This biologic effect is likely mediated through binding to Fn14, although the existence of additional TWEAK receptors has not been ruled out. The Fn14 gene was initially described as an FGF-1-and FGF-2-inducible gene in murine NIH 3T3 fibroblasts. 15 Subsequent studies revealed that FGF-1 could also induce Fn14 gene expression in human fibroblasts 16 and that FGF-2 had the same effect when added to rat aortic smooth muscle cells. 14 The effect of VEGF-A on Fn14 gene expression has not been previously described. We now report that both FGF-2 and VEGF-A can increase Fn14 mRNA expression in HUVECs and HMECs. These data provide 1 possible mechanistic explanation for TWEAK potentiation of FGF-2 and VEGF-A mitogenic activity on ECs (see below).
TWEAK stimulated HUVEC and HMEC proliferation in a dose-dependent manner. In these experiments, the cell culture medium contained 5% FBS, and cell proliferation was monitored by a sensitive assay for determining actual cell numbers. The ability of TWEAK to promote human EC proliferation has been examined previously by 3 groups that used different cell culture conditions and experimental assays than those used in our study. Both Lynch et al 5 and Harada et al 6 reported that TWEAK was a mitogenic factor for human ECs; however, the cell culture medium used by the first group contained bovine brain extract, a rich source of FGF-1 and FGF-2, and the medium used by the second group contained low concentrations of several mitogenic polypeptides, includ- Figure 6 . Effect of TWEAK, FGF-2, and VEGF-A on HUVEC survival and survivin expression. A, HUVECs were seeded and allowed to attach for 24 hours. Cells were then rinsed briefly and incubated in growth factor/serum-free medium in the absence (no addition [NA]) or presence of 100 ng/mL TWEAK (T), 10 ng/mL FGF-2 (F), or 30 ng/mL VEGF-A (V) added alone or in combination for 24 hours. The proportion of apoptotic cells was determined by fluorescence-activated cell sorting analysis and is expressed as the meanϮSEM of 3 independent experiments. *PϽ0.05 and #PϽ0.001 compared with untreated control. B, HUVECs were first cultured in normal growth medium (NGM) and then incubated in starvation medium (SM) for 24 hours. They were then either left untreated (NA) or treated with 100 ng/mL TWEAK (T), 10 ng/mL FGF-2 (F), or 30 ng/mL VEGF-A (V) for 18 hours. The cells were harvested, and equivalent amounts of protein were subjected to SDS-PAGE and Western blot analysis with anti-survivin or anti-actin antibodies.
ing FGF-2 and VEGF-A. Jakubowski et al 8 reported that TWEAK was not an EC mitogen when the cells were cultured in medium containing 2% FBS. Our results, in combination with these earlier findings, indicate that TWEAK can function as an EC mitogen in the absence of other exogenously added growth factors when an adequate concentration of FBS is present in the basal cell culture medium. Indeed, we have shown that FBS can induce Fn14 gene expression, 14 -16 and this may provide 1 explanation for the serum requirement.
We compared the relative mitogenic potencies of TWEAK, FGF-2, and VEGF-A and also determined whether TWEAK could potentiate FGF-2-or VEGF-A-stimulated EC proliferation. FGF-2 was the most potent HUVEC and HMEC mitogen, followed by either TWEAK (in HUVECs) or VEGF-A (in HMECs). This result is consistent with earlier studies demonstrating that FGF-2 is more effective than VEGF-A in stimulating HUVEC [33] [34] [35] and HMEC 35 proliferation. We also found that TWEAK could potentiate both FGF-2 and VEGF-A mitogenic activity on HUVECs and HMECs, but to differing degrees. Indeed, TWEAK/FGF-2 cotreatment had an additive growth effect on HUVECs but a synergistic growth effect on HMECs. TWEAK also enhanced VEGF-A mitogenic activity on HUVECs, but the response was not additive or synergistic; in contrast, TWEAK/ VEGF-A cotreatment had a synergistic effect on HMEC proliferation. Our results demonstrating TWEAK potentiation of FGF-2-stimulated HUVEC proliferation are consistent with the findings of Jakubowski et al; 8 however, those investigators did not detect TWEAK potentiation of VEGF-A-stimulated HUVEC proliferation under their experimental conditions. The molecular basis for TWEAK potentiation of FGF-2-or VEGF-A-stimulated EC proliferation is not yet known, but it does not appear to be due to TWEAK enhancement of FGF-2-or VEGF-A-mediated ERK1/2 activation. There are at least 2 other possible mechanisms for the observed potentiation. First, FGF-2 or VEGF-A treatment of ECs can upregulate Fn14 gene expression; therefore, if TWEAK mitogenic efficacy varies as a function of Fn14 levels, then one would predict an increased TWEAK response in the presence of FGF-2 or VEGF-A. Second, potentiation may occur because the TWEAK mitogenic signaling pathway is not completely overlapping with the FGF-2 or VEGF-A signaling pathways. For example, although TWEAK promotes NF-B activation when added to HUVEC cultures (discussed below), it has been reported that FGF-2 treatment of these cells does not activate this signaling pathway. 36 We produced a soluble Fn14-Fc fusion protein and found that it could act as a decoy receptor and inhibit TWEAK mitogenic activity on HUVECs. Wiley et al 14 reported that an Fn14-Fc soluble receptor could inhibit (1) phorbol myristate acetate-or epidermal growth factor-stimulated HMEC migration in an in vitro monolayer wound closure assay and (2) FGF-2-stimulated angiogenesis in the mouse cornea. Those investigators proposed that Fn14-Fc was interfering with a TWEAK-Fn14 autocrine loop that was required for maximal biologic activity of these other EC stimuli. We found that Fn14-Fc cotreatment did not inhibit FGF-2-or VEGF-Astimulated HUVEC proliferation; therefore, it appears that a TWEAK autocrine effect is not required for FGF-2 or VEGF-A activity in this assay.
TWEAK treatment of HUVECs stimulated IB␣, ERK1/2, and JNK1/2 phosphorylation; thus, TWEAK activity on this cell type is likely mediated by the NF-B, ERK, and JNK intracellular signaling pathways. TWEAK activation of the ERK or JNK pathways has not been previously reported; however, TWEAK has been shown to induce NF-B DNAbinding activity in human embryonic kidney 293 cells, 4 HUVECs, 6 and NIH 3T3 cells. 19 The ability of TWEAK to promote NF-B activation in HUVECs is consistent with previous studies indicating that TWEAK-treated HUVECs express elevated levels of the NF-B-regulated interleukin-8, monocyte chemotactic protein-1, intercellular adhesion molecule-1, and E-selectin genes. 5, 6 TWEAK was able to stimulate HUVEC migration when tested with the modified Boyden chamber assay. FGF-2 and VEGF-A also stimulated migration, consistent with previous reports, 33, 34 but FGF-2/TWEAK or VEGF-A/TWEAK cotreatment did not promote an additive or a synergistic migratory response. The effect of TWEAK on HUVEC migration was examined previously by 2 groups using a monolayer wound repair assay. Jakubowski et al 8 found that TWEAK did not significantly increase EC migration; in contrast, Harada et al 6 reported that TWEAK could stimulate EC migration in this assay.
It has been shown previously that ECs incubated in serum/growth factor-deficient cell culture medium undergo apoptosis, and this response can be inhibited by adding purified FGF-2 or VEGF-A to the medium. 37-39 TWEAK did not inhibit HUVEC apoptosis under our experimental conditions; in contrast, FGF-2 and VEGF-A were effective EC survival factors, as expected from previous results. Also, TWEAK treatment of HUVECs did not promote expression of survivin, an FGF-2-and VEGF-A-inducible antiapoptotic protein implicated in growth factor-mediated EC survival. 27,29 -32 Our results differ from those of Jakubowski et al, 8 who reported that TWEAK was a HUVEC survival factor. However, the experimental protocol used by those investigators was quite different from ours; for example, they incubated the ECs in serum/growth factor-deficient medium for a longer period of time, and the proportion of apoptotic cells was calculated by using the adherent cell population only.
In summary, we have demonstrated that TWEAK can stimulate EC proliferation and migration in vitro, 2 essential steps in the angiogenic process. TWEAK bioactivity on ECs is likely mediated through Fn14 binding and activation of the NF-B, ERK, and JNK signaling pathways. In addition, TWEAK can potentiate FGF-2 and VEGF-A activity in EC proliferation assays; therefore, this cytokine may act alone as well as in concert with FGF-2 and/or VEGF-A to regulate physiological and pathological angiogenesis.
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